The present work reports the luminescence properties and the laser operation of a Nd 3 -doped (TeO 2 -ZnO) bulk tellurite glass. The spectroscopic data are analyzed within the framework of the Judd-Ofelt formalism and the results are used in conjunction with fluorescence lifetime and emission measurements to derive values for the quantum efficiency and the stimulated emission cross section of the considered 4 F 3∕2 → 4 I 11∕2 infrared laser transition around 1062.5 μm. Continuous-wave laser action is achieved for the first time with this bulk tellurite glass by pumping the sample inside a standard two-mirror laser cavity with different output couplers. A low-threshold pump power of 8 mW associated with a laser slope efficiency of 21% could be obtained for an output coupler transmission of 2.7%.
INTRODUCTION
Although interest for Yb 3 -doped laser materials for shortpulse and high-peak power laser systems is continuously increasing, the Nd 3 -doped laser materials still remain very attractive and extensively studied for a wide variety of applications because of their much easier 4-level laser operation mode and usually higher gain cross sections [1] . Namely, although laser action of Nd 3 has been demonstrated in a large number of crystals and glasses, the search for Nd 3 -doped new solid-state laser hosts having specific thermo-mechanical and optical properties is still very active. This is the case for the instance of the recently developed CaF 2 laser crystal codoped with Nd 3 and Lu 3 or Y 3 ions, because of the conjunction of good thermo-mechanical properties, typical of crystals, and broadband spectral properties, typical of glasses [2] . This is also the case for some Nd-doped nonlinear tellurite glasses [3] [4] [5] [6] [7] [8] [9] , because of a very interesting combination of large nonlinear refractive index (25 times larger than that of silica) and wide transmittance range, and also because of a low maximum phonon frequency which allows rare-earth ion laser emissions in a wide spectral range [10] .
More generally, crystalline laser hosts lead to higher absorption and emission cross section, while glasses can be produced in larger volumes with optimal optical quality. In order to minimize the nonradiative multiphonon relaxations and optimize the quantum efficiency of the 4 F 3∕2 → 4 I 11∕2 emission of Nd 3 , it is also suitable to work with Nd 3 -doped host materials with low phonon frequencies and low contents of OH impurities. In that sense, laser emission of Nd 3 in glasses has been reported in fluorides [11] [12] [13] , chalcogenides [14] , aluminosilicates [15] , germanates [16] , and, as just mentioned, in tellurite glasses [3] [4] [5] [6] [7] . Among oxi-tellurites, the TeO 2 -ZnO glass which is considered here in the present article combines good mechanical stability, chemical durability, high linear and nonlinear refractive indices, together with low phonon energies (∼750 cm −1 ), a wide transmission window (0.4-6 μm), and a high rare-earth solubility [10, 17, 18] . The large linear refractive indices (1.8 < n < 2.3) [10, 17] of tellurite glasses imply large stimulated emission cross sections, sometimes larger than for phosphate glasses [19] . Their high nonlinear optical properties can be used advantageously for the development of Kerr-lens mode-locked subpicosecond lasers. Spectroscopic [20, 21] and thermo-optical properties [22, 23] of these tellurite glasses have been also studied in recent years for the possibility of using thin films for the fabrication of rib waveguides [24] and for the possibility of increasing the luminescent quantum yield of rare-earth ions, in general, by codoping the materials with silver nanoparticles [20, 21] .
The present work concentrates on the luminescence properties and the laser performance of a TeO 2 -ZnO-(TZO) mixed tellurite and zinc oxide glass doped with Nd 3 . True continuous-wave (CW) laser action is achieved by pumping the sample with a CW Ti:sapphire laser inside a standard two-mirror laser cavity. A low laser threshold of 8 mW and a laser slope efficiency of 21% could be obtained for an output coupler transmission of 2.7%, which is an encouraging improvement compared to what was reported in the past with other Nd-doped tellurite bulk glasses [3] [4] [5] [6] [7] .
EXPERIMENTAL DETAILS
The investigated spectroscopic and laser samples were prepared by using the melting-quenching technique with the following composition (in wt%): 85%TeO 2 -15%ZnO (TZO). It was doped with 1.0%Nd 2 O 3 . Reagents were melted at 800°C in an platinum crucible for 20 min, quenched in a preheated brass mold, annealed at 325°C for 2 h, and cooled down to room temperature during 2 h to avoid internal stresses.
The absorption spectra were registered both between about 300 and 1000 nm, by using a Shimadzu model 2445 UV-VIS-NIR monochromator, and between about 2000 and 7000 cm −1 , with a FT-IR spectrophotometer. The emission spectra and the fluorescence lifetime measurements were achieved by exciting the sample with a diode laser emitting at 808 nm (100 mW) and chopped at 100 Hz. The luminescence signal was collected and dispersed through a Tzerny-Turner monochromator (Spectral Products model TK488). It was detected by a 928 PMT detector and analyzed by a SRS 555 lock-in amplifier or a TDS2020 oscilloscope coupled to a computer for the spectral or the lifetime data.
The laser setup consisted in a standard plano-concave laser resonator. The flat dichroic mirror was highly reflective (R > 99.5%) around 1064 nm and highly transmittive (T > 95%) around 808 nm. Three different concave output mirrors with a radius of curvature of 100 mm and transmissions of 0.8%, 2.7%, and 8% around 1064 nm were used. The laser sample was prepared in the form of a 10 mm × 10 mm platelet of 2 mm thickness, with carefully polished and parallel end-faces but without any antireflection coatings. It was fixed with silver paste on a copper sample holder without any particular cooling and pumped through the dichroic input mirror by using a CW Ti: sapphire laser tuned at 806 nm and focused with a lens of 10 cm focal length.
SPECTROSCOPIC AND LUMINESCENCE PROPERTIES
The UV-VIS-NIR absorbance (optical density) spectrum of the sample, as registered between 350 and 950 nm, is shown in Fig. 1(a) . The features corresponding to the main absorption transitions of Nd 3 from its
, and 4 G 7∕2 4 G 9∕2 2 K 13∕2 excited manifolds have been identified and reported in the figure. As expected for glass, the absorption features appear as broad bands, which is favorable for diode pumping. Figure 1(b) shows the FT-IR transmission spectrum between about 2000 and 7000 cm −1 . It indicates the presence in the glass of a very low but non-negligible amount of OH radicals.
The UV-VIS-NIR absorption spectrum was then analyzed within the framework of the Judd-Ofelt (JO) formalism [25, 26] . This led to the following JO parameters: Fig. 2 ) occurring around 900, 1060, 1350, and (not observed) 1800 nm, respectively. Bell Fig. 1(a) ]. It consists of three broadband emissions peaking around 882, 1062, and 1335.5 nm. They are assigned to the three usual Nd 3 emission transitions, 4 F 3∕2 → 4 I 9∕2 , 4 F 3∕2 → 4 I 11∕2 , and 4 F 3∕2 → 4 I 13∕2 , and they are associated with the experimental branching ratios (fraction of photons emitted within each of the emission transitions) β 9∕2 44%, β 11∕2 41%, and β 13∕2 15%, with β i R i λI i λdλ∕ P i1;2;3 R i λI i λdλ and i 9∕2, 11/2, and 15/2, respectively. The result obtained for β 9∕2 is very close to that found from the absorption spectrum and the JO treatment. The values found for the other two transitions are different but remain close to the previous ones within the experimental uncertainties. In view of the very good RMS value obtained with the JO treatment, and the more delicate procedure to get perfectly calibrated emission spectra (the problem of correction from the spectral response of the equipment and the problem of reabsorption which always affects the shape and the intensity of the emission transition around 900 nm), a better fit will be given in the following for the values derived with the JO analysis. It is also worth noting here that no visible upconversion emission was observed "by eye" with the considered excitation conditions. Figure 3 shows the fluorescence decay associated with the 4 F 3∕2 → 4 I 11∕2 emission transition around 1063 nm. The decay is fully exponential with a fluorescence time constant τ f 209 μs. Therefore, according to the above calculated radiative lifetime τ R 217 μs, the quantum efficiency for the 4 F 3∕2 → 4 I 11∕2 emission transition, i.e., η τ f ∕τ R , is found equal to about 96%. It also means that no concentration quenching occurs in this material at the considered 1%Nd dopant concentration, which is not the case, for instance, with the Nd-doped tellurite glass investigated in [3] .
Based on the above derived spectroscopic and luminescence data, the emission spectrum reported in Fig. 2 can be further exploited to estimate the stimulated emission cross section of the considered 4 F 3∕2 → 4 I 11∕2 emission transition peaking around 1062.5 nm by using the usual expression [27] 
where Δλ stands for the width of the emission line at halfmaximum and n ≈ 2 is the refractive index of the material [28] .
This expression leads to the emission cross section σ em 1062.5 nm ≈ 3.14 × 10 −20 cm 2 . Figure 4 shows the laser output versus absorbed pump power curves obtained after pumping the sample around 806 nm. Threshold pump powers of 17, 8, and 85 mW (or 17, 24, and 100 mW, as extrapolated with the straight lines reported in the figure) and slope efficiencies of 16%, 21%, and 14.5% were obtained for the output coupler transmissions of 0.8%, 2.7%, and 8%, respectively.
CW LASER RESULTS
These curves can be exploited to estimate the intrinsic round trip optical losses noted as L inside the laser cavity, thus to have an idea of the optical quality of the laser sample. For that purpose, use can be made of the Findlay-Clay or the Caird technique [29, 30] . The first one consists of a plot of the threshold pump power P th versus the transmission T of the output coupler and the second one in a plot of the inverse of the slope efficiency η −1 versus the inverse of the transmission T −1 . Knowing the expressions
and
where υ L stands for the laser emission frequency, S ≈ πϖ 2 p ϖ 2 c ∕2 with ϖ p and ϖ c the pump and cavity mode waist radii, respectively, σ em the stimulated emission cross section, η q λ p ∕λ L the quantum conversion efficiency, η e σ eff em ∕σ em with σ eff em σ em σ a − σ esa , η R τ f ∕τ R the radiative quantum efficiency, ε p the pump efficiency, i.e., the fraction of absorbed pump photons in the laser levels, and η p 1 − exp−σ p Nl the fraction of absorbed versus incident pump photons. Without entering into the details of the values of all these parameters, the first type of plot, when use is made of the threshold pump powers extrapolated with the straight lines of Fig. 4 , leads to round trip optical losses L ≈ 0.3%. Alternatively, by using the second type of plot and the values for the laser slope efficiencies obtained with the output coupler transmissions of 0.8% and 2.7% essentially, the one obtained for the output coupler transmission of 8% being too approximative, it is found to have round trip optical losses L ≈ 0.4%. Therefore, it can be safely concluded that the laser material introduces single-pass optical losses less than 0.2%, which is quite good. Finally, Table 1 gives a comparison between these laser results and those obtained in the past for different tellurite glasses. It shows that the investigated Nd-doped TeO 2 -ZnO glass gives rise to a significant improvement in the laser slope efficiency.
CONCLUSIONS
We have demonstrated true CW laser action in a bulk Nd 3 -doped TeO 2 -ZnO tellurite glass at 1062 nm, with a low laser threshold of 8 mW and a slope efficiency of 21% for an output mirror transmission of only 2.7%. Such a laser result still remains modest (likely because of non-AR-coated sample faces and nonoptimized pump and laser cavity modes) but it is more significant than the results reported in the past with other Nd-doped tellurite bulk glasses. The obtained efficiency is exceeded only by a 60 cm long Nd-doped tellurite glass fiber (76.9%TeO 2 -6.0%Na 2 O 15.5%ZnO-1.5%Bi 2 O 3 -0.1%Nd 2 O 3 ) for which it was reported a laser slope efficiency of 46% for a lasing threshold of 27 mW [32] . This result proves that the achieved optical quality (attested by low internal losses) is improved compared to the previously studied bulk tellurite systems. This is also due to a fairly long emission lifetime of about 210 μs, an emission quantum efficiency nearly equal to 1 and a reasonably large stimulated emission cross section of 3.1 × 10 −20 cm 2 for a fairly wide emission bandwidth of 29 nm. Such characteristics, along with its inherent nonlinear optical properties, suggest that the present tellurite laser glass opens the way to further developments both in the form of bulk and waveguide photonic devices for various types of applications, including the generation of ultrashort modelocked laser pulses. 
